INTRODUCTION
The current treatment paradigm in rheumatoid arthritis (RA) is more aggressive because of the necessity to initiate disease-modifying antirheumatic drugs (DMARDs) early to slow down disease progression (1) . Among the nonbiologic DMARDs, methotrexate (MTX) has the longest duration of prescription use because of its effectiveness and affordability. Still, between 30 and 40% of RA patients do not experience remission while on MTX therapy, even when treated with a maximum tolerated dosing regimen (25-40 mg/wk) (2) . In this patient population, biologic DMARDs have been used successfully to block proinflammatory cytokines, T-cell costimulatory molecules and autoreactive B cells (1) . Nevertheless, injectable biologics are expensive and not suited for everyone because of increased risk of general infection, tuberculosis and malignancy (3) . In addition, biologics are not specifically targeted to sites of inflammation and should not be used in combination because of the risk of systemic immunosuppression. Thus, nonbiologic DMARDs with mechanisms of action different from that of MTX are highly desirable, especially for compounds that specifically target inflammatory cells of interest.
In the fields of immunology and rheumatology, macrophage activation is a well-known phenomenon that contributes to the development and homeostasis of biological systems in response to a variety of cytokines, growth factors and Folate receptor (FR)-β has been identified as a promising target for antimacrophage and antiinflammatory therapies. In the present study, we investigated EC0565, a folic acid-derivative of everolimus, as a FR-specific inhibitor of the mammalian target of rapamycin (mTOR). Because of its amphiphilic nature, EC0565 was first evaluated for water solubility, critical micelle formation, stability in culture and FR-binding specificity. Using FR-expressing macrophages, the effect of EC0565 on mTOR signaling and cellular proliferation was studied. The pharmacokinetics, metabolism and bioavailability of EC0565 were studied in normal rats. The in vivo activity of EC0565 was assessed in rats with adjuvant arthritis, a "macrophage-rich" model with close resemblance to rheumatoid arthritis. EC0565 forms micellar aggregates in physiological buffers and demonstrates good water solubility as well as strong multivalent FR-binding capacity. EC0565 inhibited mTOR signaling in rat macrophages at nanomolar concentrations and induced G0/G1 cell cycle arrest in serum-starved RAW264.7 cells. Subcutaneously administered EC0565 in rats displayed good bioavailability and a relatively long half-life (~12 h). When given at 250 nmol/kg, EC0565 selectively inhibited proliferating cell nuclear antigen expression in thioglycollate-stimulated rat peritoneal cells. With limited dosing regimens, the antiarthritic activity of EC0565 was found superior to that of etanercept, everolimus and a nontargeted everolimus analog. The in vivo activity of EC0565 was also comparable to that of a folate-targeted aminopterin. Folate-targeted mTOR inhibition may be an effective way of suppressing activated macrophages in sites of inflammation, especially in nutrient-deprived conditions, such as in the arthritic joints. Further investigation and improvement upon the physical and biochemical properties of EC0565 are warranted. pathogens (4) . Uncontrolled macrophage activation, however, is harmful and has been linked to the pathogenesis and progression of many human diseases (4) . While activated macrophages have been broadly classified as M1 and M2, or proinflammatory "classical" and antiinflammatory "alternative" subsets, respectively, they exhibit high diversity and plasticity with mixed phenotypes coexisting in the same microenvironment (5).
The main source of inflammatory macrophages actually derives from blood monocytes, which in turn derive from myeloid progenitors in the bone marrow (4). This continuous supply of blood monocytes gives rise to both hope and challenges of treating diseases in which activated macrophages play a central role in chronic inflammation (6) .
The folate receptor (FR) family includes three cysteine-rich glycosylphosphatidylinositol-anchored glycoproteins, namely FR-α, -β and -γ (7). So far, only the FR-α and FR-β isoforms have been conclusively shown to display receptor binding functionality, that is, the ability to bind/internalize physiological folates with high specificity (8) . While FR-α is frequently overexpressed by cancer cells of epithelial origins (7, 8) , FR-β is mostly expressed in functional form by activated macrophages (and their monocyte precursors) during inflammatory episodes that can lead to irreversible tissue and joint damage (9, 10) . Thus, FR-β-expressing macrophages have emerged as a promising target for antibody-or ligand-mediated drug delivery to control local and systemic inflammation (11) . In animal models, anti-FR-β immunotoxins (12) (13) (14) , folate-hapten immunotherapy (15, 16) and folate-targeted aminopterin therapy (17, 18) were found effective in treating models of arthritis (15) (16) (17) , autoimmune uveitis (18), autoimmune encephalomyelitis (18) , experimental fibrosis (13) and atherosclerosis (14) . In early clinical trials, Tc-EC20 (etarfolatide), a FR-specific radioimaging agent, was shown to preferentially accumulate in inflamed arthritic joints in patients with RA (19) and osteoarthritis (20) . Using folic acid (FA) as the targeting ligand, drugs with suitable mechanisms of action may be delivered to activated macrophages in sites of inflammation and be internalized via the FR-mediated endocytosis (21) .
The mammalian target of rapamycin (mTOR) is an evolutionary conserved serine threonine kinase that has an essential function in cellular metabolism, growth and survival (22) . The rapamycin analog, everolimus (RAD-001, Afinitor®) ( Figure 1A ), inhibits the mTOR complex 1 (mTORC1), which contains the protein raptor and is activated in response to growth factors, nutrients and cellular energy status (22) . Clinically, everolimus is an efficacious drug and has been approved by the U.S. Food and Drug Administration for the treatment of advanced cancers (kidney, breast, pancreatic neuroendocrine) and non- cancerous tumors (subependymal giant cell astrocytoma) (23) . Besides their antiproliferative activities, mTOR inhibitors have been shown to regulate immune cell differentiation, activation and function (24) (25) (26) . Everolimus-eluting coronary stents and oral everolimus have a long history of clinical utility in solidorgan transplantation to prevent acute and chronic rejections (27) . Moreover, everolimus was found to alleviate RA symptoms in patients who had an inadequate response to MTX (28) and to induce disease inactivity in severe uveitis patients who became nonresponsive to cyclosporine A (29) . Structurally, everolimus is slightly more polar than rapamycin, but it still exhibits low water solubility (~1-10 μmol/L) and poor/variable oral bioavailability (30) . Finally, everolimus needs careful management to reduce side effects such as stomatitis, hyperglycemia, rash, noninfectious pneumonitis and potential viral reactivation (31) . Thus, site-specific targeting of TOR inhibitors directly to diseased cells of interest may offer an improved bioavailability, target specificity and therapeutic index. Pertinently, a folate-targeted rapamycin conjugate was found to specifically target organs of interest and alleviate disease symptoms in mice with polycystic kidney disease (32) . In the present study, we synthesized EC0565, a water-soluble FA derivative of everolimus, and investigated its biochemical and biological properties in vitro and in vivo.
MATERIALS AND METHODS

Reagents
Everolimus 
Animals, Sources of Macrophages and Cell Culture
All animal care and use was performed according to National Institutes of Health guidelines and was in compliance with protocols approved by the Purdue Animal Use and Care Committee. Female Lewis rats (175-200 g) were purchased from Harlan Sprague Dawley and allowed to acclimate for 1 wk. Generally, rats were fed a folate-deficient diet (Harlan Teklad) for 9-10 d before arthritis induction. Rat adjuvant arthritis (AIA) was induced by intradermal inoculation (at the base of the tail) of 0.5 mg heat-killed Mycobacteria butyricum (BD Diagnostic Systems) in 100 μL light mineral oil (Sigma). During the course of disease development, rats were scored three times a week according to the previously established criteria (17) . Each paw was graded with a score of 0-4, with a maximum possible score of 16 for each animal.
Unless otherwise specified, all cells were maintained in a folate-free RPMI-1640 medium (Gibco BRL) (FFRPMI) containing 10% heat-inactivated fetal calf serum (HIFCS) and antibiotics under a 5% CO 2 atmosphere. RAW264.7 cells is a murine macrophage-derived tumor cell line grown in folate-deficient medium (17) . The arthritic macrophages (AIAmac) were obtained from peritoneal lavage of arthritic rats at the peak of the disease (~18-22 d after induction). The thioglycollate (TG)-elicited macrophages (TG-mac) were harvested from rats intraperitoneally dosed with an aged TG medium. After a 2-h plastic adherence, the respective macrophage populations were ~90% pure based on CD11b/c expression, and ~70% of the CD11b/c cells expressed a functional FR (17) .
Synthesis of EC0565
The synthetic scheme of EC0565 (Figure 1A, compound 4) has been presented in an American Chemical Society Fall 2010 meeting poster (35) and is depicted in Figure 1A . To make 2-pyrridyldisulfanylethyl carbonyl-activated everolimus ( Figure 1A , compound 2), everolimus (70 mg, 0.077 mmol) was dissolved in dichloromethane (500 μL) and cooled to 0°C. To this solution was added an activated carbonate, ( Figure 1A , compound 1) (36) (56 mg, two equivalents) and 4-(dimethylamino)pyridine (26.6 mg, three equivalents). The reaction was allowed to occur with constant stirring at 0°C for 30 min. After a quick TLC check (5% methanol in dichloromethane) that showed some starting material remaining, additional quantities of 1 (28 mg) and 4-(dimethylamino)pyridine (13.3 mg) were added. The reaction was then allowed to go on for an additional 30 min at 0°C. After this time, the reaction mixture was loaded onto a SiO 2 column and purified with a gradient of 0-4% methanol in dichloromethane. Approximately 59 mg (~68% yield) of the 2-pyridyldisulfanylethyl carbonate ( Figure 1A , compound 2) was recovered after concentration. To make EC0565, to a suspension of carbohydrate-based folate spacer ( Figure 1A , compound 3) (37) (33 mg, 0.020 mmol) in DMSO (1 mL) was added N,N-diisopropylethylamine (70 μL, 20 equivalents), followed by 2 (29 mg, 0.026 mmol). The reaction was allowed to stir at room temperature for 1.5 h. The crude reaction mixture was loaded directly onto a preparative C18 high-performance liquid chromatography (HPLC) column (Waters Xterra, 19 × 300 mm column) and purified using mobile phase consisting of 2 mmol/L sodium phosphate buffer, pH 7, and acetonitrile (gradient from 0 to 50% acetonitrile over 30 min). A total of 29 mg of the active EC0565 ingredient with an analytical HPLC purity of ≥95% was recovered (~40% yield corrected for phosphate buffer salts). The EC0565 compound identity was confirmed by NMR spectroscopy and liquid chromatography-tandem mass spectrometry (LC/MS/MS) with a chemical formula of C 121 H 183 N 17 O 50 S 2 and a MW of 2,740.
EC1304 (MW 2,550) is an everolimus control compound structurally analogous to EC0565 except for the FR-binding pteridyl amine moiety ( Figure 1B ). It was synthesized by methods similar to those described above for EC0565. Briefly, a carbohydrate spacer, incorporating a benzoyl moiety at the N-terminus rather than the pteroyl moiety found in spacer ( Figure 1A , compound 3), was first synthesized by using standard solid-phase peptide synthesis techniques. This new spacer was coupled with carbonate 2 and purified as described previously.
Characterization of EC0565 Solubility, Aggregation and Binding Affinity
EC0565 powder was dissolved in PBS by gentle horizontal agitation, and the final concentration was calibrated by using UV absorption at 350 nm for FA [molar extinction coefficient: 7000 (38) ]. To determine the critical micelle concentration (CMC), EC0565 was serially diluted in PBS containing 7 μmol/L Hoechst 33342 dye in a 96-well black microtiter plate (Thermo Electron Corporation). Fluorescence was measured in a Fluoroskan II fluorometer with excitation of 355 ± 10 nm (2 nm slit width) and emission of 460 ± 80 nm (1 nm slit width). The readout was background subtracted and fitted into a formula in Prism (version 5, GraphPad) (39) . To measure FR-binding affinity, EC0565 was directly competed against 3 H-FA for binding to KB cells (40) . The relative affinity (r.a.) value was defined as the inverse molar ratio of compound required to displace 50% of 
EC0565 Stability in Cell Culture
EC0565 was spiked into FFRPMI supplemented with 0 or 10% HIFCS at 30 nmol/L. At various time points (0 min, 30 min, 1 h, 1.5 h, 2 h and 4 h), samples were immediately diluted 1:2 with methanol and injected directly at high flow (0.5 mL/min) onto a series of Waters XBridge BEH 1.7 μm VanGuard Pre-column 2.1 × 1.5 mm columns separated by a divert valve to prevent matrix from entering the second column or the detector. The analytes were separated by using an acetonitrile buffer gradient (0.112% ammonium, pH 9.3) at 0.3 mL/min and detected by LC/MS/MS. After the analyte elution and detection, a high-flow high-acetonitrile wash of the first column was completed before the subsequent injection. Calibration standards and quality-control samples were made in the same sample matrices. Under these conditions, everolimus eluted at ~1.6 min with a detection limit of 0.075 nmol/L.
Cell Proliferation and Viability Assays
As specified in the text, the FR-specific activity of EC0565 in vitro was assessed with and without FA or other highaffinity folate competitors (EC0923, EC17) at 1000-fold molar excess. For XTT assays, RAW264.7 cells in 96-well plates were serum-starved for 24 h before exposure to vehicle (1% DMSO in serum-free FFRPMI) or 10-fold serial dilutions (0-1 μmol/L) of everolimus and EC0565 with or without EC0923. The drug-containing media were replaced 2 h later, and the cells were incubated in FFRPMI with 10% HIFCS for a total of 72 h. The cell viability was assessed by adding XTT following the manufacturer's instructions (Roche Applied Science). The results were expressed as percent absorbance (minus background) relative to untreated control in triplicates. For cell cycle and Western blot (PCNA) analyses, serum-starved RAW264.7 cells were treated for 2 h as described above and harvested 48 h later. The cell cycle distribution was assessed by intracellular flow cytometry by using propidium iodide staining and ModFit analysis of DNA content. Total cell lysates (10 μg) were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting with the PCNA monoclonal antibody (1:2,000; Cell Signaling Technology) and detected with the HRP-conjugated anti-mouse secondary antibody (1:5,000; Santa Cruz Biotechnology).
For ex vivo analysis of EC0565 effect on PCNA expression in TG-mac, TG-dosed rats (d 0, intraperitoneally) were given thymidine (300 mg/mL, intraperitoneally) on d 3 to synchronize peritoneal cells at the G1/S border. On d 4, rats were intraperitoneally dosed with everolimus (250 nmol/kg) or EC0565 (250 nmol/kg) with or without a 500-fold excess of EC0923 (125 μmol/kg). Peritoneal macrophages harvested on d 6 were immediately lysed, and 20 μg of the total cell lysates were subjected to Western blot analysis for PCNA levels.
Measurement of S6 Ribosomal Protein Phosphorylation
Rat macrophages (TG-mac, AIA-mac) were pretreated for 1 h at 37°C in six-well plates with vehicle (FFRPMI with 0% HIFCS), everolimus (10 and 100 nmol/L) and EC0565 (1, 10, 30 and 100 nmol/L) with or without excess FA (100 μmol/L). After a 6-h chase in FFRPMI with 10% HIFCS, the cells were scraped into FFRPMI and washed with PBS, and the cell pellets were lysed in 0.1 mL radioimmunoprecipitation assay buffer containing phosphatase inhibitor cocktails 1 and 2 (1:100, Sigma-Aldrich). Protein concentrations of cell lysates were determined by using the bicinchoninic acid method (Thermo Scientific), and 20 μg of the lysate was resolved on a 10% Tris-HCl gel by SDS-PAGE. Proteins were transferred onto a 0.2 μm nitrocellulose membrane that was blocked and then probed with the p-RPS6 antibody (1:1,000; Cell Signaling Technology). After incubation with an HRP-conjugated anti-rabbit secondary antibody (1:5,000; Jackson Immunoresearch), blots were exposed to a Supersignal West Pico Chemiluminescent Substrate (Thermo Scientific) for 5 min, and bands were detected by using a G:BOX Chemi HR 16 gel imaging system (Syngene). Blots were then stripped and reprobed with an anti-β-actin antibody (1:2,000; Rockland Immunochemicals) as a control for protein loading.
Bioavailability and Pharmacokinetics Studies
Female Lewis rats with a rounded tip jugular vein catheter (Harlan) were dosed subcutaneously or intravenously with EC0565 at 2 μmol/kg. Venous blood samples (~300 μL) were collected for up to 8 h (intravenously) or 12 h (subcutaneously) into tubes containing 50 μL of 1.7 mg/mL K3-EDTA and 0.35 mg/mL N-maleoyl-β-alanine (0.35 mg/mL) in liquid form.
Plasma was obtained immediately by twice centrifugation (1,960g, 3 min) at 4°C and stored in polypropylene tubes at -80°C until analysis. Because of the poor HPLC response of EC0565 (≥1 μg/mL lower limit of quantification [LLOQ]), sample analysis was conducted for free everolimus and everolimus after dithiothreitol treatment to obtain a total EC0565 concentration in the plasma. A portion of the EC0565 dosing solution was used to prepare a calibration working standard from which plasma calibration standards were generated. Thus, EC0565 extracted from the plasma was chemically treated to cleave the disulfide bond to produce everolimus, which was then detected by LC\MS\MS. The chromatography was reproducible and consistent between spiked matrix and sample derived from the dosed animals (data not shown). The maximum drug concentration in plasma (Cmax), time to Cmax (Tmax) and area under the curve (AUC) from time zero to the time of last measurable concentration were obtained. The absolute bioavailability (F) of EC0565 was calculated by using the following formula: AUC (subcutaneously)/ AUC (intravenously).
Treatment of Rat Adjuvant Arthritis
All treatments started 10 d after induction and lasted for 2 consecutive weeks at once-a-week (QW; Mondays), twice-aweek (BIW; Mondays and Thursdays) or thrice-a-week (TIW; Mondays, Wednesdays and Fridays) dosing frequencies. On the first day of treatment (d 0), AIA rats with matching arthritis scores were distributed evenly across the treatment groups (n = 5). EC0565 was subcutaneously dosed, and its antiarthritic activity was assessed in three different experimental setups. First, EC0565 (500 nmol/kg) was compared with oral everolimus (500 nmol/kg) on a TIW regimen, whereas etanercept (10 mg/kg) was subcutaneously dosed every 3 d over a 12-d span. Second, to determine the FR specificity of EC0565 in vivo, EC0565 (500 nmol/kg) was coadministered with or without a 500-fold molar excess of EC0923 (125 μmol/kg) on d 0, 3 and 7. Lastly, EC0565 (100-1,000 nmol/kg, BIW or SIW) was compared against subcutaneously dosed everolimus (1,000 nmol/kg, QW), EC1304 (1,000 nmol/kg, QW) and EC0746 (1,000 nmol/kg, QW). At the completion of each study (4 d after the last treatment), rats were euthanized and processed for total paw weights (cut at the hairline) and spleen weights. The percent increase in paw and spleen weights over that of healthy controls were calculated as measurements of local and systemic activity, respectively. The removed hind paws were immersion fixed in 10% buffered formalin and assessed for radiographic joint damage by using a prespecified numerical grading system (0-26) for each hind foot (17) .
Histopathology and Immunochemistry Evaluations
When desired, the formalin-fixed hind paws were also submitted for semiquantitative histopathological analysis as well as immunohistochemistry against CD68/ED1 (AbD Serotec). All tissue preparation and staining was performed at HistoTox Labs, Inc. The processed animal tissues were examined microscopically by a board-certified veterinary pathologist, Alison Bendele, at Bolder BioPATH. To obtain histological scores, a numerical grading system for joint damage (0-20) was used for each hind foot, as described previously (17) . For CD68 immunostaining, CD68-positive osteoclasts were counted in five 25 × 250 μm fields in areas of bone resorption within the five most severely affected joints in each ankle. Osteoclasts in normal bone marrow or at the growth plate were not counted. On the other hand, CD68-positive macrophages were counted in five 25 × 125 μm fields in the areas of most intense synovial inflammation (below the lining) within the joints. Macrophages in the skin or periarticular tissue, or in normal synovial lining, were not counted. In both cases, counts from 10 fields across both ankles were averaged to obtain a mean value for each animal.
Statistics
Statistical analyses were performed using the computer program GraphPad Prism (GraphPad Software Inc.). Data were analyzed by using a Student t test or Mann-Whitney U test (nonparametric). If applicable, data were further analyzed across treatment groups by using one-way analysis of variance (ANOVA). *P < 0.05 was considered statistically significant in all tests (Figures 3 and 5-7) .
RESULTS
EC0565 Biochemical and Biological Properties
The EC0565 construct (4) ( Figure 1A ) consists of (a) FA, the targeting ligand; (b) a saccharo-amino acid peptide-based spacer; (c) a disulfide/carbonatecontaining linker; and (d) everolimus in the written sequence. Unlike everolimus ( Figure 1A) , which is practically insoluble in water, EC0565 was dissolved in PBS at >2 mmol/L (maximal solubility was not obtained). EC0565 in PBS was observed to "bubble up" easily on agitation and had a CMC value of ~2.2 μmol/L in a Hoechst 33342 dye assay (Figure 2A ). Hoechst 33342 displays minimal fluorescence in hydrophilic environments but emits efficiently in hydrophobic surroundings (39) . Further analysis by using a Zetasizer particle analyzer (Malvern) confirmed that the EC0565/PBS solution was polydispersed with different sizes of aggregates (data not shown). Furthermore, EC1304, the nontargeted amphiphilic everolimus control compound, also formed micellar aggregates in PBS with a CMC value of ~3.5 μmol/L (data not shown).
In a KB cell-based r.a. assay, EC0565 displayed a relatively high FR-binding affinity with an r.a. value of ~0.28, whereas FA was set at 1 ( Figure 2B ). In a reverse competitive assay ( Figure 2C ), KB cells were preexposed to 0-1 μmol/L FA, EC0565, or one of the two non-micelle-forming FA conjugates (EC0746, r.a. = 0.50; EC0923, r.a. = 0.84) (17) . Upon chasing with 1 μmol/L ity, resulting in poor competition by the monomeric 3 H-FA ligands. Because EC0565 has a bioreleasable linker susceptible to both reduction and potential hydrolysis (for example, carbonate moiety), we assessed the stability of EC0565 at 37°C in FFRPMI supplemented with 0 or 10% HIFCS (standard cell culture medium). After a 4-h incubation followed by LC/MS/MS quantitation, a maximal 2% everolimus was formed from 30 nmol/L EC0565 spiked into FFRPMI with 10% HIFCS (Figure 2D ). The appearance of everolimus was serum-dependent because no observable everolimus peaks were seen in any EC0565 samples spiked into FFRPMI with 0% HIFCS. These results indicated that EC0565 remains relatively stable in aqueous solutions.
EC0565 Activity In Vitro and Ex Vivo
Inhibition of mTORC1 reduces phosphorylation of ribosomal protein S6 kinase (p-RPS6) via downregulation of p70S6 kinase, a major downstream effector (25) . To measure EC0565 treatment response on p-RPS6, we used ex vivo-isolated TG-mac and AIA-mac that were previously shown to express an ~20-fold lower level of functional FR than that of RAW264.7 cells (21) . Here, TG-mac ( Figure 2E ) and AIA-mac ( Figure 2F ) were treated with everolimus (10 and 100 nmol/L) or EC0565 (1, 10, 30 and 100 nmol/L) with or without excess FA. In both rat macrophages, EC0565 treatment resulted in a downregulation of p-RPS6 at nanomolar concentrations and appeared to be as active as everolimus on an equimolar basis. The inhibitory effect of EC0565 at ≤30 nmol/L could be partially blocked by 1,000-fold excess of FA. This result suggested that the amount of FRs on these rat macrophages were sufficiently high to mediate a FR-specific inhibition of the mTOR signaling pathway. Under normal cell culture conditions, EC0565 and everolimus did not exhibit any cytotoxic effect toward FR-expressing macrophages at ≤10 μmol/L (data not shown). However, in serum-starved (24-h) RAW264.7 cells, EC0565 was able to induce a dosedependent cytostatic effect similar to that of everolimus (ED50: ~2 nmol/L, Figure 3A) . A 50-fold increase in the ED50 of EC0565 (~102 nmol/L) was observed in the presence of 1,000-fold excess of EC0923. Taken together, the FR specificity of EC0565 was concentration dependent: fully reversible at 1-10 nmol/L, partial reversible at 30-100 nmol/L and nonreversible at 1 μmol/L. Subsequent analysis also indicated that both everolimus and EC0565-treated RAW264.7 cells showed a dosedependent reduction of PCNA expression ( Figures 3B, C) and increased G0/G1 cell cycle arrest ( Figure 3D ). Likewise, EC0565 inhibition of PCNA expression and cell cycle arrest could be partially blocked by another unrelated folate competitor (EC17, folate-fluorescein [33] ) with better competition seen at ≤10-100 nmol/L ( Figure 3C ).
Because rat macrophages do not proliferate in culture, we investigated the antiproliferative effect of EC0565 versus everolimus in TG-dosed rats after thymidine synchronization of peritoneal cells (see Materials and Methods). By Western blot analysis of PCNA expression in TG-mac harvested 2 d after a single intraperitoneal (IP) dose of everolimus (250 nmol/kg) and EC0565 (250 nmol/kg), a significantly decreased PCNA level was observed for both compounds (Figure 3E) . Importantly, a 500-fold excess of intraperitoneally dosed EC0923 was also able to block the effect of EC0565 in vivo, whereas the competitor alone did not change PCNA levels in TG-mac.
Pharmacokinetics and Bioavailability
In rats, EC0565 administered intravenously or subcutaneously at 2 μmol/kg yielded a plasma Cmax value of ~45 μmol/L (1 min) and ~9.9 μmol/L (Tmax; 60 min), respectively ( Figure 4A ). The elimination half-life was ~4.7 times longer when EC0565 was dosed subcutaneously than intravenously at ~722 and 155 min, respectively ( Figure 4B ). The estimated bioavailability (F) of the subcutaneously dosed EC0565 was ~128% within an ~30% experimental error (data not shown). Owing to the releasable linker chemistry of EC0565 (4) (Figure 1A) , free everolimus was detected in the plasma of EC0565-dosed animals regardless of the dosing route ( Figure 4B ). The plasma Cmax values of everolimus derived from intravenously or subcutaneously dosed EC0565 were ~7.8 μmol/L (1 min) and 1.4 μmol/L (Tmax; 60 min), respectively ( Figure 4B ). On the basis of AUCs over the entire sampling period, the amounts of free everolimus released by EC0565 were similar for both administration routes (~17%). Taken together, it appeared that although EC0565 was completely bioavailable upon subcutaneously administration, it exhibited a much slower elimination profile in comparison to previous non-micelle-forming FA ligands (17, 33) .
EC0565 Antiarthritic Activity
EC0565 activity in vivo was assessed in AIA rats ( Figure 5 ) by using previously established criteria (17) . Starting 10 d after induction (denoted d 0), EC0565 (subcutaneously) and everolimus (oral dosing) were compared on a TIW equimolar basis (500 nmol/kg), whereas etanercept (subcutaneously) was dosed at 10 mg/kg every 3 d. Both oral everolimus and subcutaneously etanercept were found to alleviate AIA symptoms, such as increased arthritis score ( Figure 5A ), paw weight ( Figure 5C ) and spleen weight ( Figure 5D ). However, EC0565 treatment was significantly more effective in all parameters assessed, and the animals maintained a healthy body weight ( Figure 5B ) during therapy. Radiographic analysis of the ankle joints confirmed significantly less bone and tissue damages in EC0565-treated animals than both of its comparators ( Figure 5E ). His- tologically ( Figures 5F, G) , animals treated with oral everolimus had significant reductions in all scored parameters (44-61%), whereas subcutaneously dosed etanercept yielded an ~42% reduction in inflammation and an ~55% reduction in bone resorption. Conversely, animals treated with EC0565 had significant (88-100%) decreases in the same assessed parameters. By using immunohistochemistry against CD68/ED1, a marker expressed by osteoclasts and macrophages, untreated arthritic control animals showed severe osteoclast-mediated bone resorption accompanied by a large influx of macrophages in the sublining layer of synovial tissues ( Figure 6A , the second row). Healthy controls had no osteoclasts or macrophages in the same areas of interest ( Figure 6A , the top row). Quantitatively, the diseased control animals had an average count of 9.0 ± 0.6 osteoclasts per field and 11.4 ± 0.6 macrophages per field ( Figure 6B ). Remarkably, EC0565 treatment (at disease onset) reduced osteoclast counts to less than one per field ( Figure 6B ). In all dosing groups analyzed ( Figures 6B, C) , osteoclast counts were significantly reduced by treatment with everolimus (~41%), etanercept (~53%) or EC0565 (~93%). Likewise, synovial macrophage counts were significantly reduced by treatment with EC0565 (~71%). Everolimus treatment reduced macrophage counts by ~19%, which was nearly significant (P = 0.068, Figure 6C ). On the other hand, etanercept treatment did not yield a statistically significant reduction (~14%) of macrophage counts (P = 0.242, Figure 6C ).
To evaluate FR specificity in vivo, we conducted competition studies in AIA rats by using EC0923 as the folate competitor for EC0565 (Figure 7) . Here, EC0565 (500 nmol/kg) was subcutaneously dosed on d 0, 3 and 7 alone or in combination with a 500-fold molar excess of EC0923 (250 μmol/kg). Interestingly, EC0565 activity was only partially blocked by EC0923 on the basis of arthritis score ( Figure 7A ), paw weight (Figure 7B ) and ankle radiographic analysis ( Figure 7C ). There was no difference in spleen weight in the EC0565-treated groups with or without the competitor ( Figure 7D ). Because EC0565 displays a long circulation half-life in the plasma ( Figure 4B ), EC0565 dose/frequency responses were then compared against everolimus and EC1304, the nontargeted everolimus control compound ( Figure 7E) . EC0746, the highly effective and FR-specific folate-aminopterin conjugate (17) , was also included in this study. All compounds were administered subcutaneously, and the efficacy comparison was performed based on percent inhibition in paw edema calculated from percent increase in paw weight over that of the arthritic control. As illustrated in Figure 7E , EC0565 demonstrated a dosedependent antiarthritic activity that was more efficacious when dosed BIW than QW for 2 consecutive weeks. More importantly, subcutaneously infrequently (QW) dosed everolimus or EC1304 failed to produce any significant activity at 1,000 nmol/kg. Under the same treatment conditions, EC0565 was able to produce a significant inhibition (~71%) of paw edema, which was similar to that of our previously disclosed compound EC0746 (~82%).
DISCUSSION
Despite the clinical success of mTOR inhibitors, we believe that the full therapeutic potential of these compounds has not yet been reached. The mTOR signaling pathway provides a direct metabolic link between immune cells and microenvironment, but the immunologic regulation due to mTOR inhibition is complex and cell type dependent (24, 25) . In monocytes and macrophages, mTORC1 inhibitors such as rapamycin and everolimus appear to evoke pro-and antiinflammatory cytokine production (25, 41) , macrophage polarization (42) and autophage (43) . Targeting mTOR signaling pathway via FRs may be a useful approach to curtail autoimmune and other diseases caused or worsened by activated macrophages. Compared to everolimus, EC0565 displayed improved water solubility (~200-to 2,000-fold in PBS), complete bioavailability (subcutaneously) and FR-specific activities both in vitro and in vivo. Under serum-starved conditions, EC0565 induced G0/G1 cell cycle arrest at the PCNA level and dramatically hampered RAW264.7 cells' ability to proliferate (Figures 3A-D) . In nonproliferating TG-mac and AIA-mac, EC0565 demonstrated a dose-dependent inhibition of mTORC1-dependent RPS6 phosphorylation (p-RPS6) (Figures 2E, F) . Because of its self-aggregation and strong FR-binding affinity/avidity (Figures 2A-C) , EC0565 competition was not (E) EC0565 dosed at 100-1,000 nmol/kg (BIW or QW) were compared against subcutaneous everolimus (1,000 nmol/kg, QW), EC1304 (1,000 nmol/kg, QW) and EC0746 (1,000 nmol/kg, QW). Shown is the percent inhibition in paw edema calculated from the percent increase in paw weight for each treatment group over that of the arthritic control group. *P < 0.05 for the comparing groups, as indicated (ns = insignificant).
easily demonstrated with monomeric folate ligands but better competition was always seen at ≤100 nmol/L. Regardless of the study parameters, however, EC0565 activities in vitro could be blocked at least partially by a 1,000-fold excess of FA or other high-affinity folate competitors (EC0923, EC17). Moreover, EC0565 administered locally (intraperitoneally) to rats after TG activation showed a reduction in PCNA expression by the peritoneal cells, and the effect was fully blocked by EC0923 ( Figure 3E ). However, EC0565 was found less stable in the presence of serum ( Figure 2D ), and ~17% of free everolimus was detected in rat plasma after a single intravenous or subcutaneous administration ( Figure 4B ). The detection of free everolimus in vivo is likely due to EC0565 degradation in the blood, firstpass liver metabolism and/or degradation within the tissues. Thus, the lack of full competition of EC0565 in vitro and in vivo may be explained not only by its high FR-binding avidity (that is, not readily displaced by monomeric folate competitors), but also by the premature release of the parent drug. Interestingly, as shown in Figure 7E , EC0565 was found to be significantly more active than equimolar doses of everolimus and EC1304 (all dosed subcutaneously). This is important, since EC1304 was structurally similar to EC0565 and it had similar CMC values as EC0565. Finally, EC0565 appeared to be superior to both everolimus and etanercept when administered via their respective clinical dosing routes in this rat arthritis model (Figure 5) . Immunohistochemically, EC0565 treatment (500 nmol/kg, subcutaneously) substantially and significantly reduced CD68 + osteoclasts and macrophage counts in bone marrow and synovium of arthritic animals ( Figures 6B, C) . In comparison, treatment with everolimus (500 nmol/kg, oral dose) or etanercept (10 mg/kg, subcutaneously) significantly reduced osteoclasts counts, but had only mild effects on synovial macrophages. Although they were not directly quantified in this analysis, neutrophils were seen in considerably greater numbers than macrophages. For example, in the case of a field containing nine macrophages, ~40 neutrophils were observed (data not shown). Taken together, these data suggest that the FR targeting component of EC0565 certainly contributed to the enhanced antimacrophage activity in vitro and in vivo. Interestingly, despite a completely different mechanism of action, EC0565 (everolimus; mTOR) and EC0746 (aminopterin; dihydrofolate reductase) were found to be similarly active in halting AIA progression with an ~71-82% inhibition in paw edema ( Figure 7E ). Because of the compound availability, the EC0565 maximum tolerated dose was not reached in female Lewis rats, but it was tested against subcutaneous everolimus at 0.52 μmol/kg (daily for 28 d). No treatment-related gross toxicity or histopathology changes were detected, with the exception of a reduced thymus weight similar to that of everolimus (data not shown).
CONCLUSION
As a small injectable molecule, the prolonged circulation half-life of EC0565 may be used in favor of an infrequent dosing regimen (for example, QW). However, EC0565 was challenging to synthesize and formulate because of its amphiphilic nature. Chemical modification and alternative formulations are being explored to improve upon EC0565 with regards to physical and biochemical properties, premature free drug release and FR specificity. Future work is also warranted to explore the utility of a folate-targeted mTOR inhibitor in other disease models. Our data suggest that a folate-targeted mTOR inhibitor may offer an alternative to biologics after MTX failure in RA or other disease indications.
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